Abstract: Fibrous filters have been proved to be one of the most cost-effective way of 12 particulate matters (specifically PM 2.5) purification. However, due to the complex structure 13 of real fibrous filters, it is difficult to accurately predict the performance of PM2.5 removal. In 14 this study, a new 3D filtration modeling approach is proposed to predict the removal 15 efficiencies of particles by real fibrous filters, by taking the particle rebound effect into 16 consideration. A real filter is considered and its SEM image-based 3D structure is established 17 for modeling. Then based on the simulation result, the filtration efficiency and pressure drop 
Introduction 7
Particulate matter (PM) pollution has adverse effects on visibility, direct and indirect 8 radiative forcing, climate, and ecosystems [1] [2] [3] . Airborne particulate matter (including PM2.5) 9 is a diverse pollutant class whose excessive presence in indoor air contributes to an array of 10 adverse health and material damage effects [4] . Numerous particle filtration techniques have 11 been developed to reduce the concentrations of airborne particles in indoor air in the past 12 decades [5, 6] . Fibrous filters, which are commonly used in theses particle filtration systems, 13 have been regarded as one of the most effective methods of particle removal from an aerosol 14 stream. 15 Filtration efficiency and pressure drop are recognized as two important parameters to 16 characterize the performance of fibrous filters. In order to reduce the design time and product 17 cost of fibrous filters, it is critical to explore an effective way to accurately predict the 18 performance of fibrous filters. Notably, the geometric structures of fibrous filters have 19 significant influences on the performance. However, it is very difficult to build a 3D model 20 similar to the real fibrous medium, because of the extreme complexities in real structures. 21 Thus, most of the previous studies were based on the virtually idealized fiber structure [7] [8] [9] [10] , 22 1 Equipment Corp., Guangzhou, China. The thickness of the fiber is measured using ZUD-4 2 digital thickness gauge for textiles. The area weight of the glass fiber filter is measured 3 according to ASTM D 3776 (1997) by using an electronic balance. It is defined as the mass 4 per unit area and usually measured in g/m 2 . 5 The structural morphology of the fiber filter is observed by SEM, as shown in Fig. 1 . The 6 fiber diameter distribution of the filter is determined from the SEM image using the Image J 7 software (http://rsb.info.nih.gov/ij/). The bubble point (largest pore-size), mean pore-size, 8 smallest pore of the filter, as well as the pore size distribution are determined using a capillary 9 flow porometer (Porous Materials Inc., USA), see Fig. 2 
. Then the SVF (Solid Volume 10
Fraction) of the filter can be calculated. All the basic characteristics of the fiber filter are 11 expressed as mean ±standard deviation in Table 1 . 12 13 Table 1 Basic characteristics for the investigated glass fiber filter. 16 Pore size distribution of the filter. 17
Fig. 3 Tester for classification filtration efficiency and pressure drop of filters (SX-L1060). 18
The Automated Filter Tester (as shown in Fig. 3 ) is used to experimentally evaluate the 19 filtration parameters, namely filtration efficiency and pressure drop. The instrument is 20 designed in compliance with the KFDA protocol and NIOSH Regulation 42 CFR Part 84 21 protocols. The aerosol generator produces the aerosols using potassium chloride (KCl), and 22 6 then dries and neutralizes them to ensure accurate results. The relative humidity is maintained 1 to be 30% during the experiments. Polydisperse aerosols, ranged from 0.015 μm to 0.80 μm 2 are pulled down through the filter by a vacuum pump. The targeted face velocities can be set 3 by adjusting the flow rates of the aerosol flow. Two solid-state laser-based light scattering 4 photometers measure the aerosol concentration, with one placed before and the other after the 5 filter. The photometer output signals are approximately proportional to the aerosol mass and 6 used to calculate the filter penetration P as 7 (1) The Gaussian blur (radius equal to three pixels) is applied to the original SEM image 20 to reduce the major pixel noise (see Fig. 4a and b) . 21 (2) The average threshold level is applied for the grayscale SEM sample image to get the 22 where ci m is the calculated mass area of the i th model layer and m m is the measured mass 3 area of N layers. Fig. 4h shows a 3D filter model with thickness of 10 μm.
4
(7) Software Mimics (http://biomedical.materialise.com/mimics) is used to convert the 5 3D binary images to the filter entity for the further mesh generation. 3 Micro-scale modeling of filter with local thickness 10 The actual fiber filter investigated is very thick ( h =200 μm), thus it is difficult to 11 simulate the actual thickness with acceptable computational load, while considering its 12 microscopic flow structure at the same time. In this study, a multi-scale simulation method is 13 used to predict the filtration efficiency and the pressure drop of the fibrous filter. Firstly, the 14 filter is divided into several subsections along its thickness, each with a local thickness of 15 i h =10 μm. Then the micro-scale model of a single subsection filter is set up and simulated. 16 Finally, using the micro-scale simulated results, the model of the filter with actual thickness is 17 established, in which the fiber filter is regarded as a homogeneous porous medium with 18 constant viscous resistance coefficient, which is a mature methodology in common CFD 19 software. The flow chart of the models is presented in Fig. 5 . In this section, the steady flow equations and the numerical scheme for simulating the 2 gas-solid flow in the filter with a local thickness (the subsection) are presented firstly. Then 3 the slip velocity boundary conditions, as well as mesh independence and computation domain 4 independence tests are studied. The emphasis will be laid on the modeling of particle-fiber 5 collisions and rebound. The results are used to draw the resistance coefficients for 6 macro-scale modeling of the whole filter. 8 For the range of fiber size and flow conditions consider in this study, the Reynolds 9 number is smaller than unity. Thus the air flow through the fibrous medium is assumed to be 10 laminar, incompressible and at a steady state. The finite volume method [33] implemented in 11 the Ansys 13.0 code is used to solve the air flow field. The governing equations: continuity 12 and conservation of linear momentum are as follows. It should be noted that the influence of 13 particles on the air flow is neglected. 14
Governing equations for air flow
where,  , U ,  and p are the density, velocity, dynamic viscosity and pressure of the air 17 respectively. 18
Boundary conditions 19
The computational region as well as the boundary conditions considered for the 20 simulations are shown in Fig. 6 . At the inlet, the Dirichlet boundary condition is employed to 21 specify the gas velocity to the fibrous filter. The atmospheric pressure is imposed at the outlet. For the air flow on the fiber surfaces, a slip boundary condition is adopted. Because 10 under the air thermal condition and the fiber diameters considered in this study, the fiber 11 3.3 Particle flow and capture 20 Once the particle-free flow field is obtained, the particulates, modeled by rigid spheres of 21 uniform density P  =3000 kg/m 3 are then introduced into the domain. Using the Lagrangian 22 method, the force balance on a particle is integrated to obtain the particle position with time. 1 The dominant forces acting on the particles without considering collision are the drag force 2 exerted by the air flow and the Brownian force: 3 The particle trajectory calculation implemented in Ansys13.0 code is referenced by Qunis and 16
Ahmadi [36]. 17
Now the collision is considered. To take into account the interception capture 18 mechanism, a C++ subroutine that works in Ansys13.0 enviroment is developed. During each 19 trajectory tracking step, the distances between the particles' centers and the fiber surfaces are 20 monitored. Once the distance is smaller than the particle radius, the particle is regarded to be 21 collided with the fiber. As shown in Fig. 7 , the model of the particle-fiber collision 1 implemented here is based on a suggestion of Dahneke [37] and it is consisted of an energy 2 balance around the particle-fiber collision as follow 3 respectively. e is the coefficient of restitution. The prerequisites of the adhesion of a particle 7 is that the particle is not able to leave the fiber after the collision, thus k,r E =0. Assuming that
, it yields a critical particle velocity 9
Thus, when in cr UU  , then the particle would be rebounded, and the rebounded particle 11 velocity satisfies r in U U e  . Otherwise, it would be captured by the fiber. 12 The coefficient of restitution e can be calculated by following formula [29]
where, 0 e is the value when collision velocity in normal condition approaching to zero and it 15 can be chosen as 0 e =0.965  is an elastic parameter associated with fiber and particle 16 materials, and it can be calculated by 17
where,  and E are the Poisson 's ratio and the Young's modulus of the fiber or particle. The adhesion potential between fiber and particle w E in Eq. (11) can be calculated as 4
where, H is the Hamaker constant; 0 z is the distance between the particle and the fiber 6 when they are in adheisve equilibrium state, and usually it is 10 0 4 10 m z   [28] . 7 A C++ subroutine is developed to consider the rebound effect of the particle during 8 fiber-particle collision. It should be noted that the influence of the deposited particle on the 9 fiber capture performentce, and the interactions among particles are neglected in the study. 10 During micro-scale simulation, a certain number of particles are introduced from the 11 upstream of the filter. Their trajectories are followed as they flow through the clean filter 12 according to the above governing mechanism. Once a particle is captured by the fiber, it is 13 deleted from the simulation zone. Efficiency of the filter with local thickness (filter subsection) 14 l  then can be determined by the number of particles that can be removed from an aerosol 
Mesh independence test 1
Software ICEM is used for meshing the fibrous filter entity. The imported geometries are 2 meshed using tetrahedral elements, refined close to the fiber surfaces. In an irregular structure, 3 such as fiber filter, there are regions where fiber-to-fiber distance is very small such as at the 4 crossovers, and regions where fibers are relatively far from each other. The grid size required 5 to mesh the gap between two fibers around their crossover point is often too small. The 6 computational grid used for CFD simulations needs to be fine enough to solve the flow field 7 in the narrow gaps, and at the same time coarse enough to cover the whole domain without 8 requiring too much computational power. 9
To ensure that the simulation results are independent of the number of grid points, one 10 filter with local thickness of 10 μm is considered and meshed with different mesh densities. This is done by adjusting the grid interval size in such a way that resulting in 9, 16, 25, 36, 49 12 64, 81 and 100 grids on the circular cross-section of the fibers. The results of the mesh 13 independence study are presented in Fig. 8 , where the filtration efficiency and the pressure 14 drop of the filter are plotted versus the number of grids on the circular cross-section of the 15 fibers. Note that the face velocity is set to be 0.20 m/s and the particle diameter is 0.60 μm. It 16 is seen that by increasing the mesh density, both efficiency and pressure drop decrease, 17 reaching a plateau. Too small mesh density would cause over-prediction of filtration 18 efficiency and pressure drop. Meanwhile, when the grid number is larger than 64, further 19 increase in mesh density no longer significantly improve the computation accuracy. Thus the 20 number of grids on the circular cross-section of fibers is set to be 64 in the simulations. In this section, the fiber filter with actual thickness is regarded as a porous medium to 14 give the whole filter performance with acceptable numerical load. This has been used in some 15 mature software like Ansys13.0. The porous medium model incorporates a pre-determined 16 flow resistance in a region of model defined as "porous" by adding a momentum source term 17 in the standard governing momentum equations. The source term is composed of two parts: a 18 viscous loss term (Darcy) and an inertial loss term, as shown in Eq. (18). 19 
. Then through macro-scale simulation, the 7 pressure drop of an actual filter can be obtained. 8 The efficiency of the filter with actual thickness is calculated by 9
where t is the number of the filter subsections, 
Results and discussions

21
The model parameters utilized both in the experimental tests and the simulations are 22 listed in Table 2 . Note that the parameter values of the particles and fibers used in the 1 simulation are assumed to be in the dry state. The operating conditions in experiments are 2 expressed as arithmetic mean ±standard deviation. Micro-scale model simulation is conducted 3 firstly to get the local viscous resistance, as well as the performance of the filter with local 4 thickness. Note that the inlet velocity and particle concentration of the first subsection are 5 specified according to the operating conditions, while, that of the other subsections are 6 specified to be equal to the outlet velocities and particle concentrations of the upper 7 subsections. Then the macro-scale model is used to get the performance of the fiber filter with 8 actual thickness. The results are compared with that calculated from available correlations in 9 literature [38] or the experimental data. The rebound effect during fiber filtration, as well as 10 the influence of the particle size, face velocity on the filtration performance are analyzed and 11 discussed. Note that the experimental tests are repeated five to ten times in order to get 12 average values and standard deviations. between the filtration efficiency values obtained from simulations with or without considering 21 particle rebound effect along with the corresponding experimental results are presented in Fig.  22 12. It can be seen that the simulation results considering the particle rebound effect are 1 generally in better agreement with the experimental data than that without considering 2 rebound effect. Additionally, it can be found that the difference between the two simulation 3 model results become larger gradually with the increase in the particle size, which implies that 4 the particle rebound effect is more significant when the particle diameter is large. When the 5 particle size is very small (i.e. μm 3 . 0 p  d ), the rebound effect can be negligible. It is seen in 6 Fig. 12 that the effects of face velocity on filtration efficiency decrease when the particle size 7 is larger than 0.5 µm. This is because when the particle diameter is 0.5 µm, the filtration 8 efficiency of the filter with actual thickness are already as high as 97%. Particles with 9 diameter larger than 0.5 µm do have higher efficiency, but the increment is not as significant 10 as that from 0.4 µm to 0.5 µm. Increasing the face velocity enhances the particle rebound effect to some extent. A 17 comparison example for face velocities of 0.40 m/s and 0.60 m/s can be seen in Fig. 12(a)  18 and Fig. 12(b) . Because when the face velocity increases, the opportunity is higher for the 19 collision velocity of the particle in U to be larger than the critical velocity cr U . Thus the 20 particle is more easily to rebound. 21 The influence of Hamaker constant on the rebound effect is investigated at the different 22 '  is the ratio of filtration efficiency considering rebound effect to that without considering 2 rebound effect. As shown in Fig. 13 , when St is small, the filtration efficiency values obtained 3 from simulations considering particle rebound effect are very close to that without 4 considering rebound effect. So it is not necessary to consider the particle rebound effect at 5 low Stokes numbers. When St is large, the rebound effect becomes more significant, and with 6 the increase of Hamaker constant, the filtration efficiency ratio '  increases. Because the 7
Hamaker constant is a measure of the adhesion force between particles and fibers. The larger 8 the Hamaker constant is, the larger the adhesion force is. Therefore, larger Hamaker constants 9 lead to weak rebound effect and high filtration efficiency. Further more, compared with the 10 results from literature [26] , it is seen that the influence of particle rebound effect on filtration 11 efficiency is much weaker for an actual filter than for a single fiber. Because for an actual 12 filter, the rebound particles may collide with fiber several times and be captured later. 13 14 Fig. 13 . The influence of Hamaker constant on the particle rebound and filtration efficiency 15 16 In the second step, the effect of face velocity, particle diameter on the filter performance 17 are investigated by the proposed simulation approach. Apart from the experimental data, some 18 empirical correlations are also used to verify the simulation results. 19 The empirical correlations for filtration efficiency used in this study is based on 20 Kuwabara's cell model [39] . If the flow pattern and web structure of the fiber filter are known, 21 the filter efficiency  , can be calculated from single fiber efficiency as [38] 
Fig. 14 shows the filtration efficiency of the filter with actual thickness versus particle 2 diameter along with the Kuwabara's cell model and the experimental results. It can be seen 3 that the filter collection efficiency decreases at first and then increases subsequently by 4 increasing the particle size in the range of 0.05-0.6 μm, with the minimum filtration efficiency 5 at particle diameter of 0.2 μm. The filtration efficiency predicted by the simulations follows a 6 trend similar to that of the cell model of Eq. (21) and the experimental results. As an 7 important indicator for interception mechanism, the intercept coefficient ( R ) is ranged from 8 0.05 to 0.6 in this study. When R is large, the Stokes number is proportional to the square of 9 the particle size. It is clarified that the inertia is strengthened with increasing particle size 10 which makes the filtration efficiency increase. When R is small, Brownian force, rather 11 than the air flow field, dominantly influences the particle trajectory, thus the filtration 12 efficiency decreases with the increasing in particle diameter. The deviations of the model 13 filtration efficiency for the large particle sizes (  0.3 μm) are mainly due to the particle 14 trajectory calculations, because the air flow plays the dominant role for the large particles and 15 their impacts on the air flow are neglected in the model. The deviations at the small particle 16 size range (  0.3 μm) can be caused by the van der Waals force which is difficult to fully take 17 into account in the model and the possible existence of electrostatic force in the experiments. 18 The deviation is the largest for particle sizes of 0.3 μm, and it may be due to the combined 19 effects of the above two factors. 20 Fig. 14. Variations of filtration efficiency versus particle diameter. In Fig. 16 , the filter pressure drop obtained from simulation along with the experimental 9 tests are presented. It is shown in Fig. 16 that most of the pressure drop values calculated 10 from the simulations lie within the experimentally determined standard deviations. The 11 pressure drop increases gradually with decreasing particle sizes. It is due to the decreasing 12 number of particles with increasing particle diameters at the same particle mass concentration. 13 It can also be seen from Fig. 15 that, the pressure drop increases linearly with the face 14 velocity. This is because that the pressure drop is proportional to the face velocity which has 15 been shown in Eq. (28) . 
Conclusions
20
A 3D particle filtration model of fibrous medium based on the SEM image-based 3D 21 fiber structure has been built by considering slip/transition molecular flow regime, The effects of different factors such as air velocity, particle diameter and material 5 property (Hamaker constant) have been investigated for the real filters. It is revealed that the 6 particle rebound effect becomes significant at high Stokes numbers (St>1.0), whereas its 7 impact on filtration efficiency is not as significant as that for a single fiber. The rebound effect 8 increases with decreasing Hamaker constant, a measure of adhesion force. The variations of 9 predicted performance with operating parameters are well in consistency with the 10 experimental results. It is proved that the proposed modeling tool in this work will help to 11 predict the filtration efficiency and pressure drop of clean real fibrous medium, and to provide 12 useful guidelines for their optimization and enhancement. Table 2 Parameters and their ranges used in filtration experiments and simulation tests. Pore size distribution of the filter. 
